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ABSTRACT
The primary objective of this study was to find the optimal acute exercise intensity and
post-exercise recovery time to enhance memory retention. A secondary objective of study was to
evaluate the influence of aerobic endurance on memory and whether endurance capacity interacts
with exercise intensity and post-exercise recovery period to influence memory performance.
Participants were 54 undergraduate and graduate students at the University of Mississippi, with
an age range of 18-23 years. Participants completed 13 visits in total. The first visit evaluated
their aerobic endurance, with the remaining 12 visits including a 3 (Intensity: Control, Moderate,
Vigorous) by 4 (Post-Exercise Recovery Periods: 1-min Post, 5-min Post, 10-min Post, 15-min)
repeated measures design to evaluate the effects of exercise intensity and post-exercise recovery
period on long-term memory function. Following exercise, participants completed a memory
task, which involved encoding a list of 15 words, for 5 consecutive trials. Following a delay,
participants performed a free-recall of the words 20 minutes post and 24-hours after the lab visit.
Results of this study showed that aerobic endurance is positively associated with long-term
memory function. Additionally, high-intensity acute exercise is optimal to enhance memory
performance, an effect that may also be influenced by the post-exercise recovery period and
fitness level of the individual.
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Chapter 1: Background on Memory Systems
Memory function is essential for functioning in everyday life. Memory allows
information to be consolidated and retrieved, and it has been demonstrated that there are multiple
forms of memory that can be divided into two systems: explicit (declarative) and implicit
memory systems (non-declarative). Non-declarative memory is information expressed implicitly
through physiological responses that do not involve conscious recollection. Non-declarative
memory is the memory system responsible for procedural learning, such as learning how to drive
a car or how to ride a bike (Dickerson, Eichenbaum 2010). The second memory system,
declarative memory, involves conscious recollection of information.
Declarative memory is devoted to names, places, and events and is the brain system that
is responsible for the storage of explicit knowledge, which is knowledge one is consciously
aware of. Declarative memory involves short-term memory, working memory, long-term
memory, episodic and semantic memory. The short-term working memory system allows for
maintenance of information long enough to achieve an immediate goal, such as remembering a
phone number long enough to dial the phone, as well as the ability to multitask. The long-term
memory system involves retrieving previously stored information. The two main forms of
long-term declarative memory are episodic and semantic memory. Episodic memory is
knowledge about events and previous personal experiences. An example of episodic memory is
remembering a time you ate dinner at a Thai restaurant (Ullman, Pullman 2015). Episodic
memory relies on the hippocampus and surrounding structures located in the medial temporal
lobe of the brain. Episodic memory involves integrating not only all of the information of the
memory, but the context as well (Madan, 2020). Source memory is a specific type of episodic
memory in which the context of the memory is remembered. An example of source episodic
memory would be remembering where you were the first time you met a coworker (Loprinzi,
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Rigdon, Javadi, Kelemen, 2021). The second form of long-term declarative memory, semantic
memory, involves general knowledge, including knowing facts, such as the capital of France.
Phases of Memory
In order to form an episodic memory, information must go through three steps to be fully
processed: encoding, consolidation, and retrieval. The first step is encoding, which is where
information is received and registered in the brain and is essential for creating representations of
information of events one has previously experienced. Encoding is heavily dependent on
attention as well as how an event is processed. Encoding can be enhanced by using a process
called elaboration. An elaboration process involves making connections between pieces of
information or relating new information to information you already know. Mnemonics or
associations are widely used in order to further enhance the encoding of information. For
example, if you had to remember a list of grocery items, you have a higher chance of
remembering the list if you created associations between the words or used a mnemonic strategy
for the words, as opposed to rehearsing the list of words a few times in your head. The next step
in forming episodic memories is memory consolidation. Memory consolidation involves
stabilizing and storing memory for later retrieval. Consolidation occurs in neural pathways from
the hippocampus to the cortex. Consolidation can take days or weeks and reorganization can
occur when new information is encoded. Reorganization is used to consolidate new information,
but also used to strengthen existing information. Once a memory trace has been encoded and
consolidated, it can be retrieved at a later time. Proper consolidation is critical in order for
information to later be retrieved.
The final step in forming episodic memories is retrieval. Memory retrieval is the process
of consciously recollecting information that has been encoded and consolidated. Retrieval
depends on context or cues as well as how effectively information was encoded and stored
7

previously. Occasionally, encoding and retrieving information can be interrupted due to an
interference with memory retrieval. Proactive interference occurs when new information is
unable to be retrieved due to previously stored information. Retroactive interference occurs when
information that was previously stored is unable to be recalled due to learning new information.
The inability to recall certain material can also be explained by decay theory, which occurs when
neural connections decline (APA Dictionary of Psychology). The ability to encode and retrieve
information for episodic memories is supported by various associations between structures of the
brain, including the hippocampus and subcortical structures.
Brain Structures Involved in Episodic Memory
With the development of updated neuroimaging technology rapidly increasing over the
past decades, an increase in the understanding of episodic memory in human beings arose.
Through the advancements in functional neuroimaging methods, researchers found that episodic
memory relies on associations between various brain structures, including isocortical association
areas and the medial temporal lobe (MTL), which includes, for example, the hippocampus and
the parahippocampal cortical areas that ultimately and collectively make up a large-scale
distributed brain network (Dickerson, Eichenbaum, 2010). The isocortical association areas are
involved with several brain functions, including decision making, perception, sensation, motor
functions, and higher-order cognitive processes. The hippocampus plays an imperative role in
learning and memory formation. The hippocampus, and surrounding structures in the temporal
lobe, along with several other brain regions, including the frontal and parietal areas, also have
important implications in episodic memory function.
Research has shown that functional magnetic resonance imaging (fMRI) can detect the
activation of hippocampal and MTL stimulation while performing episodic memory tasks. The
MTL allows encoding and retrieving of daily personal experiences, and the hippocampal region,
8

in addition to specific cortical and subcortical structures, play a crucial role in different cognitive
and perspective aspects (Dickerson, Eichenbaum, 2010). For episodic memory, different parts of
the MTL regions and hippocampus are utilized at different times and have different functions
during the three phases of memory as previously mentioned. These structures are involved with
learning and consolidation of information. The hippocampus is linked to rapid thinking, which
includes the ability to create associations of complex information relating to contextual and
temporal information (Ullman, 2015). The ability of the MTL structures to perform these
abilities allows for the activation and recollection of declarative, particularly episodic, memories
to form. Regional differences in the MTL create a variety of specific roles played by the
numerous aforementioned structures. For example, memorizing faces is mainly associated with
perirhinal and rostral hippocampal regions, memorizing objects is associated with more caudal
activation, and memorization of indoor/outdoor and spatial scene context is associated with
posterior parahippocampal activation (Dickerson, Eichenbaum, 2010). The perirhinal cortex is
also involved with the familiarity of newly learned information (Ullman, 2015). Recent research
has shown that the MTL, specifically the hippocampal region, plays a specific role in transitive
inference of episodic memory, which is liable for the utilization of linking previously associated
relations between components to create inferences about new predictable associations that have
not yet been specifically experienced. The hippocampus is also able to combine the information
stored in the numerous cortical areas, which support the composition of episodic memory
through its ability to encode and retrieve detail (Dickerson, Eichenbaum, 2010). Ultimately,
stimulation of the MTL region of the brain plays a critical role in cognitive learning, thinking,
associating, encoding, and retrieving episodic memories.
In addition to the MTL and hippocampal structures, isocortical structures in the brain also
play an integral role in the episodic memory system; the ventrolateral prefrontal cortex and
9

medial temporal cortex of the isocortical region, specifically, are active during encoding. There
are specific regions of the isocortical system that are engaged for different reasons. For example,
when presented with visual stimulations, the ventral temporal cortex is engaged during encoding.
In contrast, when presented with auditory stimulations, the lateral temporal cortex is engaged
during encoding. Research has also shown that these sensory-specific brain regions are engaged
during the encoding phase are also re-engaged during the retrieval phase, assuming retrieval was
successful (Dickerson, Eichenbaum, 2010).
Areas in the frontal region are also activated during encoding and retrieval processes
(Ullman, 2015). During the retrieval process, these systems are utilized for the correlation of
temporal and contextual information of episodic memory, and during encoding, they help to
spontaneously utilize strategies for episodic memorization. Many prefrontal regions in both of
the brain’s hemispheres have also been shown to be active during episodic memory retrieval. An
event, pre-retrieval processing, is triggered by a cue that assists retrieval attempts. Retrieval has
also been subdivided into three theoretical processes: retrieval mode, the cognitive effort of
retrieval; retrieval effort, the difficulty of the attempt to retrieve; and retrieval orientation,
qualitative forms of processing prompts of retrieval. Through the operations of retrieval effort
and retrieval orientation, fMRI neuroimaging shows more activation in the left prefrontal cortex,
particularly the anterior and ventrolateral regions, whereas in the retrieval mode, modulation of
the frontopolar cortex, more on the right hemisphere, occurs. Following retrieval, post-retrieval
processing occurs as an outcome of retrieval attempts to assess the information retrieved, which
finally leads to a retrieval decision shown to occur mostly in the right dorsolateral prefrontal
cortex. Recent research also supports that retrieval mode manipulates the right frontopolar
cortex, and retrieval attempts manipulate more of the left dorsolateral prefrontal cortex
(Dickerson, Eichenbaum, 2010).
10

Episodic memory also involves the utilization of the posterior lateral and medial parietal
cortices. These brain regions show a congruous elevation of activity when recognizing items that
have been previously experienced in comparison to items that have never been encountered. In
relation, an “old-new” effect is also associated with these findings that reveals brain functioning
in these areas when a newly encountered item is mistaken to be old (Dickerson, Eichenbaum,
2010). In conclusion, there are many different important brain regions associated with episodic
memory, and through research, it seems that they work together in an interconnected fashion to
create and retrieve episodic memories.
Effects of Acute Exercise on Memory
Over the past several decades, the effects of acute exercise on episodic memory has been
studied. Studies have shown evidence that moderate-intensity acute exercise improves
post-exercise higher-order cognition and that vigorous-intensity acute exercise improves
post-exercise lower-order cognition. Higher-order cognition involves more complex cognitive
actions, such as decision making and problem solving, while lower-order cognition involves
simpler tasks such as applying and remembering information. Research shows that acute exercise
can enhance episodic memory in young adults (Loprinzi, Rigdon, Javadi, Kelemen, 2021). The
present study focused on the effects of acute exercise in improving episodic memory and
whether this relationship is influenced by exercise intensity, post-exercise recovery period, and
cardiorespiratory fitness of an individual. These potential moderational effects are discussed in
the next chapter.
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Chapter 2: Introduction
Recently, within the realm of exercise research, there has been an increased interest in the
effects of acute exercise on cognition (Brisswalter, Collardeau, & Rene, 2002; Chang, Labban,
Gapin, & Etnier, 2012; Etnier et al., 2016; Gomez-Pinilla & Hillman, 2013; Labban & Etnier,
2011, 2018; Lambourne & Tomporowski, 2010; Pyke et al., 2020; Salas, Minakata, & Kelemen,
2011; Tomporowski, 2003; Tomporowski, Ellis, & Stephens, 1987; Voss et al., 2020; Zuniga,
Mueller, Santana, & Kelemen, 2019). Revealed by empirical data, there is a potential correlation
between the level of intensity of acute exercise and its effect on cognition. Studies have
suggested that moderate-intensity acute exercise may enhance prefrontal cortex-dependent
higher-order cognition (e.g. executive control) (Chang, Labban, Gapin, & Etnier, 2012), and that
vigorous-intensity acute exercise may enhance lower-order cognitions (e.g. information
processing) (McMorris, 2016). The extent of the noted intensity-dependent effects of acute
exercise on cognition onto other sub-cognitive areas, however, is more ambiguous (Loprinzi,
Roig, Etnier, Tomporowski, & Voss, 2021).
A comprehensive meta-analysis conducted in 2013 explored the possible mechanisms of
acute exercise on memory function. Marc Roig and his team of researchers reviewed evidence
from several different studies that tested short-term and long-term interventions. In this
meta-analysis, the results found that working memory was most significantly improved when the
participant performed low-intensity exercise for a duration of less than twenty minutes. Aligning
with this study, within his 2018 systematic review, Loprinzi gathered evidence suggesting that
lower-intensity exercise may be beneficial for working memory, while vigorous-intensity acute
exercise may enhance other memory types, such as episodic memory, that rely less on cognitive
control. In 2013, Loprinzi conducted a follow-up meta-analysis inspired by Roig et.al (2013),
which observed the optimal moment (before, during, or after memory encoding) to implement
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acute exercise. Following this, another meta-analysis was conducted to further explore the
importance of “timing” on episodic memory. The results from this study demonstrated that
memory was enhanced when acute exercise was performed before memory encoding, during
early memory consolidation, and during late memory consolidation, but was inhibited when
performed during memory encoding (Loprinzi et al., 2019). This meta-analysis further supports
the findings of Roig et al. (2013) that improving memory with acute exercise is time dependent.
In his 2019 paper, El-Sayes et al. suggested neural plasticity-related mechanisms,
activated by acute exercise, could improve memory function by initiating molecular responses
such as increasing vascular endothelial growth factors and brain-derived neurotrophic factor. The
molecular responses brought upon by acute exercise could induce functional responses
throughout the body, including increased blood flow, glucose and oxygen metabolism,
neurotransmitter release, and neural/receptor activity, all of which can improve memory function.
This claim is supported by Roig et al. (2013) where they concluded that acute exercise improves
exercise within a time parameter due to activated molecular mechanisms that aid in the encoding
and consolidation process. Additionally, in theory, acute exercise may not only enhance
functional responses in cognition, but also induce structural neuronal modulation. For instance,
it is found that within animal trials when long-term potentiation by electrical stimulation is
implemented, synaptic changes, such as increased size in dendritic spines, are induced (Amaral
& Pozzo-Miller, 2009; Bourne & Harris, 2012). This structural alteration could, possibly, be
mimicked by exercise. Certain physical components, such as the level of cardiorespiratory fitness
and aerobic endurance of the individual, could influence the degree to which these mechanisms
may explain the effects of acute exercise on memory.
A systematic review conducted by Rigdon and Loprinzi (2019) linked cardiorespiratory
fitness and memory performance; observations affirm a consistent correlation between having a
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low level of physical fitness and poor memory function spanning multiple memory systems
(Pontifex et al., 2014). Specifically, the fitness level of an individual may manipulate the rate of
task acquisition as a function of the physiological and psychological response to exercise
(Pontifex et al., 2019). Theoretically, cardiorespiratory fitness may prepare underlying
exercise-induced neurophysiological mechanisms related to memory improvement (Pontifex et
al., 2019). This implies that an individual with enhanced fitness may recover faster post-exercise,
therefore allowing for greater acquisition of cognitive resources necessary for memory encoding.
Bolstering this claim, among recent studies, individuals at a higher level of fitness display
enhanced attentional processes during a lexical decision task (Chandler, McGowan, Payne,
Hampton Wray, & Pontifex, 2019). Accompanying these theoretical claims, further research has
begun to examine if cardiorespiratory fitness moderates the effects of acute exercise on memory.
Derived from a moderation analysis (which contained limited studies), a Roig et al.
(2013) meta-analysis demonstrated that fitness level did not markedly moderate the effects of
acute exercise on short-term memory, but individuals of average fitness yielded the largest
effects on long-term memory. A more inclusive meta-analysis was conducted by Chang et al.
(2012) which evaluated if fitness influenced the effects of acute exercise on global cognition.
The findings of this meta-analysis, however, are difficult to interpret. When cognition was
assessed immediately post-exercise, improved cognition was observed among individuals with
low and high fitness levels, but not in moderately fit individuals. When cognition was assessed
after a delay of more than 15 minutes post-exercise, improved cognition was observed among
individuals with moderate and high fitness levels, but not in low fit individuals. Although these
findings, as stated, are a bit ambiguous, it justifies the need for further research and analysis on
this topic. It seems justifiable to suggest that post-exercise recovery duration would interact with
an individual’s levels of fitness to influence the effect of exercise on memory. For instance, an
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individual of low cardiovascular fitness may benefit less, if not at all, from a bout of
vigorous-intensity acute exercise, especially if the recovery period is minimal.
The present experiment manipulates the levels of exercise intensity and the post-exercise
recovery period to see if these factors influence memory and how much the participants’
cardiovascular fitness and endurance may influence those relationships. The present experiment
evaluates the effects that acute exercise has on memory specifically in the first 15 minutes (i.e.,
1, 5, 10, and 15 minutes). There are several reasons why we intentionally focused on the first 15
minutes post exercise. In a recent study conducted by Loprinzi, Lovorn, and Gilmore (2020),
results showed that explicit memory function is not improved 30 minutes after an acute bout of
vigorous intensity exercise. However, a similar experiment performed by Winter et al. (2007)
found that learning was improved 15 minutes following a bout of high intensity vigorous
exercise. From this research, it can be concluded that 15 minutes after exercise may be the
optimal window for memory enhancement to occur. This statement aligns with the findings from
mechanistic studies in humans showing that a centrally-assessed neurotransmitter, glutamate,
reaches its peak around 15-20 minutes post vigorous intensity exercise - 20 minutes at 80% of
max heart rate (Maddock, Casazza, Fernandez, &amp; Maddock, 2016). Additionally, a study
conducted by Skriver et al (2014) found many other temporal responses (relative to baseline)
following a 20 minute bout of high intensity. Brain-derived neurotrophic factor (BDNF) and
insulin-like growth factor-1 (IGF-1) increased immediately following exercise. Epinephrine and
norepinephrine also increased immediately after exercise and then again 5 minutes later.
Dopamine increased 5 minutes and 15 minutes after exercise and lactate increased immediately
and 5-, 10-, and 15-minutes post exercise. Each of these temporal responses when elevated
influence procedural memory at different time points. For example, higher levels of BDNF
immediately after exercise were associated with greater memory retention 1-hr and 7-days later.
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Higher levels of norepinephrine were associated with greater memory retention 7-days later.
Increased levels of lactate showed greater memory 1-hr, 24-hrs, and 7-days later. More
information on the details of how exercise-induced changes in these parameters can influence
memory can be found elsewhere (Basso &amp; Suzuki, 2017; El-Sayes, Harasym, Turco, Locke,
&amp; Nelson, 2019; Loprinzi, Ponce, &amp; Frith, 2018; McMorris, 2021). Because of the
elevated nature of these parameters over the 15-minute period after exercise, we anticipate that
an exercise intensity that is high enough (i.e., vigorous-intensity) should enhance long-term
memory when memory encoding occurs over a 1-15 minute period post exercise.
The primary objective of this study was to evaluate if there is an intensity-specific effect
of acute exercise on memory and to determine if this effect depends on the duration of the
post-exercise recovery period. We hypothesize that long-term memory will benefit most from
vigorous-intensity acute exercise (v moderate-intensity or control) and this effect will occur
across all post-exercise recovery periods, whereas moderate-intensity acute exercise (v control)
will improve memory when with shorter post-exercise recovery periods. A secondary objective
is to evaluate if cardiorespiratory fitness/endurance capacity interacts with exercise intensity and
post-exercise recovery period to influence memory performance. We hypothesize that an
interaction between exercise intensity, post-exercise recovery period, and fitness will occur.
Specifically, we anticipate that acute vigorous intensity exercise will be optimal across all
post-exercise recovery periods when it comes to enhancing memory. However, this effect will
only be evident in those participants who are generally more fit. Lastly, we hypothesize that
lesser fit participants will benefit by having a longer post-exercise recovery period, especially
following vigorous-intensity acute exercise.
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Chapter 3: Methods
Participants
Participants were undergraduate students at the University of Mississippi who were
selected using a non-random sampling approach. The aim of the study was to recruit 60
participants, but six of these participants started the study but failed to complete all 13 visits (e.g.
dropped out of study, did not complete all visits). The sample included 54 participants with
57.4% being women and 42.6% men.
Participants were excluded from the study if they (1) exercised in the past 5 hours; (2)
consumed caffeine in the past 6 hours; (3) self-reported as a daily cigarette smoker; (4)
self-reported being pregnant; (5) had taken a memory-altering substance, such as marijuana in
the last 30 days; (6) consumed more than the daily average amount of alcohol (one drink/per day
for females, two drinks/per day for males) or had consumed alcohol in the past 12 hours; (7)
experienced a concussion in the past 30 days; (8) diagnosed with a psychological disorder; (9)
diagnosed with COVID-19 in the past 2 weeks; or (10) selected yes on any question included in
the PAR-Q (Physical Activity Readiness Questionnaire).
Study Design and Procedures
The study was approved by the ethics committee at the University of Mississippi and
participants provided written consent prior to participation. The experiment included three
Exercise Intensity conditions (Control, Moderate, and Vigorous); four Post-Exercise Recovery
conditions (1- min Post, 5-min Post, 10-min Post, 15-min Post); and two Memory Assessment
conditions (20-minute Delay and 24-hour Delay). Exercise Intensity, Post-Exercise Recovery,
and Memory Assessment occurred as within-subject factors. See Figure 1 for the study protocol.
Allocation concealment was followed, so neither the researcher nor the participant knew which

17

condition the participant would complete prior to the lab visit. Randomization for the conditions
occurred by using a computer- generated algorithm.
The study consisted of thirteen visits, with the first visit including a maximal exercise test
(treadmill). The maximal exercise test was used to determine the participant's maximal heart rate,
endurance capacity, and allow the participant to become familiar with the exercise protocol.
Visits 2-13 occurred in random order, at a within-subject level, and occurred
approximately 24-72 hours apart. For these 12 visits, the following protocol was used. The four
Control conditions involved no exercise, but included watching a video for 21-min, 25-min,
30-min, and 35-min before starting the memory task (encoding). The four Moderate-intensity
conditions involved exercising (treadmill) for 20-min at a moderate intensity and then either
resting (video) for 1-min, 5-min, 10-min, or 15-min before starting the memory task. Lastly, the
four Vigorous-intensity conditions involved exercising (treadmill) for 20-min at a vigorous
intensity and then either resting (video) for 1-min, 5-min, 10-min, or 15-min before starting the
memory task (encoding).
A 20-minute bout of treadmill exercise was chosen because past research shows that 20
minutes of treadmill exercise is sufficient to enhance memory (Loprinzi et al., 2021).
Neurotransmitters, which are a key mechanism for the exercise-memory relationship, have been
shown to be elevated within the first 15-minutes of exercise (Maddock, Casazza, Fernandez, &
Maddock, 2016; Skriver et al., 2014).
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Figure 1. Experimental study procedures. Participants completed this procedure a total of 12
times, on separate occasions, as both Condition and Recovery Period were within-subject factors.

Maximal Exercise Visit (1st session)
For the first visit, participants completed a treadmill-based assessment for the Maximal
Exercise Visit. The protocol for this visit was individualized for each participant. Participants
completed a 3-minute warm-up at 3.5 miles per hour. After the warm up, the speed was then
increased to 5.5 miles per hour and remained at this speed for the rest of the protocol. At the
5-minute mark, the incline was increased by 2%. The incline was increased by 2% for the next
2-minute marks (7 min, 9 min, 11 min, 13 min) and then remained at 10% incline (following 13
minutes) for the remainder of the test. Due to COVID-19 concerns, oxygen consumption (via
indirect calorimetry) was not measured, and instead, the exercise duration (seconds) for the
maximal exercise test was used as a measure of endurance performance (proxy for
cardiorespiratory fitness).Time-to-exhaustion protocols are highly correlated with direct
measures of oxygen consumption (r = .91-.94) (Pollock et al., 1982). The participant completed
the maximal exercise test until the participant elected to stop exercising or until the 20-minute
mark.
During the maximal treadmill test, heart rate (HR) was monitored throughout using a
chest-strap Polar heart rate monitor (H10 model). HR was measured every 5 minutes and max
HR was used to calculate the target HR for Moderate and Vigorous intensities using the heart
rate reserve formula (described below). Participants were asked to rate their RPE (rating of
perceived exertion) on the 6-20 Borg scale at the conclusion of exercise. On the Borg scale, 6
represents “no exertion at all”, 9 “very light”, 13 “somewhat hard”, 15 “hard”, 17 “very hard”,
19 “extremely hard”, and 20 “maximal exertion”.
19

Control, Moderate-intensity Exercise, Vigorous-intensity Exercise.
Visits 2-13 were completed in random order at either a Control, Moderate or Vigorous
intensity. The Control conditions consisted of a time-matched cognitive engagement task which
was a self-selected video (e.g., national geographic video). To ensure consistency across the
protocols, the participant watched the video on the treadmill with no sound. The video was used
to prevent boredom while also inducing a low arousal stimulus. Research shows evidence that
control tasks, such as video viewing, does not prime or enhance memory function (Blough &
Loprinzi, 2019).
Both exercise conditions included 20 minutes of either Moderate or Vigorous intensity
exercise. The participants watched a video that was placed in front of the treadmill with no sound
during exercise and the rest period to be consistent with the Control condition.
HR was recorded at rest and at 5-minute increments throughout the visit. Using the
participant’s maximal heart rate achieved during their maximal exercise bout (Visit 1), they
exercised at 50% of their HRR (heart rate reserve) for the Moderate-intensity conditions and
80% of their HRR for the Vigorous-intensity conditions (Garber et al., 2011). Heart rate reserve
was calculated as ([HRmax – HRrest) * % target intensity] + HRrest). The resting heart rate
measurement occurred after resting quietly for at least three minutes when standing on the
treadmill. Heart rate was collected using a chest-strap Polar heart rate monitor. Rating of
perceived exertion (RPE) was recorded at the end of exercise using a scale of 6-20.
Due to COVID-19, participants wore a cloth or surgical facemask for the duration of the
experimental session. This may have an effect on the data collected, but we expect the effects to
be minimal. Evidence shows that even during walking exercise, a face mask does not appear to
affect mood or cognitive performance (Caretti, 1999). It has also been found that during
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vigorous-intensity exercise, wearing a facemask does not appear to induce significant effects on
breathing, blood gasses, and other physiological parameters (Hopkins et al., 2020).
Memory Assessment
Study List. The memory task was programmed using E-Prime. Similar to common
list-learning paradigms (e.g., Ray Auditory Verbal Learning Test), participants were exposed to 5
trials, 15 words each, on a desktop computer. The words were in black lowercase letters (Calibri
typeface, font size 22). Notably, evidence shows that this memory protocol is sensitive to
exercise-related improvements in memory (Loprinzi et al., 2021). Twelve separate word lists,
occurring in a random order, were used for each of the 12 visits. The words were identical across
the 5 trials, but were displayed in a random order, across trials and participants. Each word
remained on the screen for 1500 milliseconds and participants read the word aloud as it appeared
on the screen. A 3 second intermittent break occurred between the five trials.
The word lists were created using the MRC Psycholinguistic Database from the University of
Western Australia. The following criteria were set for each word: number of letters (4-10),
number of syllables (1-3), familiarity rating (450-700), concreteness rating (450-700),
imagability rating (450-700), meaningfulness rating (450-700), and only nouns were used. No
two words within each list were semantically related (r < .30) from a latent semantic analysis.
Recall Assessment. Immediately following the 5th trial, participants watched a 20-minute
video (The Office or The Big Bang Theory). In order to prevent participants from rehearsing the
words while watching the 20-minute video, the participants were asked to draw three simple
drawings of three scenes from the video.
After the 20-minute delay, participants were asked to perform a free recall of all the
words they remembered. The 20-minute delay period was selected as past work provides
evidence that this delay period is sensitive to exercise-induced improvements in memory
21

function (Loprinzi et al., 2020). Twenty-four hours after the lab visit, participants performed a
free recall on the same list of words. In order to avoid minimal effort during memory recall, after
the participant recalled their final word, they were encouraged to try and recall at least one more
word during both the 20-minute delay and 24-hour delay recall assessments. The participants
were instructed to not exercise between the 20-minute and 24-hr delayed assessments.
Participants were instructed to not consume caffeine six hours prior to both of these assessments
and to not rehearse the words prior to the 20-minute and 24-hour delay assessments.
Three primary memory outcomes were evaluated in this study: the proportion of words
recalled at the 20-minute delay, the proportion of words recalled at the 24-hour delay, and a
retention score. A retention score was calculated to control for individual differences at
immediate recall; proportion retention was calculated as (24-hr recall / 20-min delay recall).
Additional Assessments
During the first visit, multiple demographic parameters were assessed, such as self-report
of age and sex, and measured height and weight for determination of body mass index (kg/m2).
Additionally, self-reported moderate-to-vigorous physical activity was assessed using the two
items (number of days and average minutes per day) from the Physical Activity Vital Sign
questionnaire (Ball, Joy, Gren, & Shaw, 2016).
Analysis
A 3 (Exercise Intensity: Control, Moderate, Vigorous) × 4 (Post-Exercise Recovery:
1-min Post, 5-min Post, 10-min Post, 15-min Post) × 2 (Memory Assessment: 20-min Delay,
24-hr Delay) rmANOVA (repeated measures ANOVA) was employed as well as a 3 ( Exercise
Intensity: Control, Moderate, Vigorous) × 4 (Post-Exercise Recovery: 1-min Post, 5-min Post,
10-min Post, 15-min Post) rmANOVA. Further, with memory retention as the outcome, a 3
(Exercise Intensity: Control, Moderate, Vigorous) × 4 (Post-Exercise Recovery: 1-min Post,
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5-min Post, 10-min Post, 15-min Post) × Endurance (continuous variable; between-subject
factor) rmANOVA was computed. Statistical significance was set at an alpha of 0.05. Notably,
with inputs of an α of 0.05, power of 0.80, 54 participants, 12 conditions, 2 measurements per
condition, and an assumed repeated measures correlation of 0.50, we were powered to detect a
small-to-medium effect (i.e., effect size f of 0.195; small effect = 0.10 and medium effect =
0.25).
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Chapter 4: Results
Participants Characteristics
Table 1 shows the behavioral and demographic characteristics of the participants. The
average age of the participants was 21 (SE=.17) years of age with an age range of 18-23 years.
Females comprised 57.4% and males 42.6% of the sample, and participants regularly engaged in
physical activity (211 min/week of moderate-to-vigorous intensity physical activity).

Table 1. Demographic, behavioral, and performance characteristics of the sample (N=54)
Variable

Point Estimate

SE

Age, mean years

20.5

.17

Gender, % Female

57.4

Measured body mass index, mean kg/m2

24.1

.53

Physical activity, mean min/week of MVPA

210.6

21.2

Duration lasted on maximal treadmill test, mean sec

769.7

30.5

MVPA, Moderate-to- vigorous physical activity

Manipulation Checks
For the maximal treadmill test (initial visit), mean heart rate (beats per minute) at rest,
five minutes, and endpoint were 84.7 (1.8), 159.3 (2.4), and 191.5 (1.5), respectively.
Participants lasted 769.8 (30.6) seconds on average during the maximum treadmill protocol
(median = 728 seconds, IQR = 632.3-902.5).
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Figure 1 displays heart rates across the study conditions (Control, Moderate, Vigorous).
As a manipulation check, our results demonstrate that heart rate was stable in the Control
condition, but increased in the Moderate- and Vigorous-intensity conditions differently. No
significant differences at any of the time periods within each respective exercise intensity
condition (i.e., Control, Moderate, or Vigorous), ps > 0.05 was found, however, for each time
point (with the exception of rest), each of the respective exercise intensity conditions differed, ps
< .05. Table 2 displays the mean rating of perceived exertion scores at the endpoint (20-min) of
the exercise conditions. Endpoint perceived exertion levels were not different within the
respective conditions, ps > .05, but were different between the exercise intensity conditions, ps <
.05.

Figure 1. Mean heart rates across the 12 within-subject conditions. The numeric value (1, 5, 10,
15) after each condition label represents the duration of the recovery period. For example,
Moderate-1 represents moderate-intensity exercise with a 1-minute recovery period.
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Table 2. Mean (SE) endpoint rating of perceived exertion results across the exercise conditions.
Condition

Endpoint (20-min)

Moderate-intensity (20-min) and then 1-min rest

10.6 (.21)

Moderate-intensity (20-min) and then 5-min rest

10.9 (.16)

Moderate-intensity (20-min) and then 10-min rest

10.5 (.19)

Moderate-intensity (20-min) and then 15-min rest

10.9 (.16)

Vigorous-intensity (20-min) and then 1-min rest

13.7 (.23)

Vigorous-intensity (20-min) and then 5-min rest

13.9 (.23)

Vigorous-intensity (20-min) and then 10-min rest

14.0 (.23)

Vigorous-intensity (20-min) and then 15-min rest

14.1 (.25)

Interaction between Exercise Intensity and Post-Exercise Recovery. Table 3 displays
the memory results across the conditions. A 3 ( Exercise Intensity: Control, Moderate, Vigorous)
× 4 (Post-Exercise Recovery: 1-min Post, 5-min Post, 10-min Post, 15-min Post) × 2 (Memory
Assessment: 20-min Delay, 24-hr Delay) rmANOVA yielded a main effect for Exercise Intensity,
F(2, 106) = 5.896, p = .004, η2 = .02, and a main effect for Memory Assessment, F(1, 53) =
249.65, p < .001, η2 = .19, which was qualified by an Exercise Intensity by Memory Assessment
interaction, F(2, 106) = 3.812, p = .02, η2 = .002. There was no main effect for Post-Exercise
Recovery, F(3, 159) = 1.055, p = .37, η2 = .003, or a three-way interaction, F(6, 318) = 1.783, p =
.10, η2 = .003. Holm-corrected post-hoc tests were computed to probe the two-way interaction.
Averaged over the levels of Recovery Period, memory performance for Control at the 20-minute
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delay was not different when compared to Moderate, Mdiff = -.026, p = .35, or Vigorous, Mdiff =
-.031, p = .24, and similarly, Moderate was not different than Vigorous at the 20-minute delay,
Mdiff = -.005, p = .75. At the 24-hour delay, Moderate was not different than Vigorous, Mdiff =
-.023, p = .35, but Control was lower than Moderate, Mdiff = -.045, p = .03, and Control also
lower than Vigorous, Mdiff = -.068, p < .001. These results are shown in Figure 2, demonstrating
that memory performance declined at a faster rate in the Control condition when compared to the
Moderate and Vigorous exercise conditions.
With memory retention as the outcome, a 3 (Exercise Intensity: Control, Moderate,
Vigorous) × 4 (Post-Exercise Recovery: 1-min Post, 5-min Post, 10-min Post, 15-min Post)
rmANOVA yielded a main effect for Exercise Intensity, F(2, 104) = 7.248, p = .001, η2 = .024,
but no main effect for Post-Exercise Recovery, F(3, 156) = 1.264, p = .29, η2 = .005, or an
interaction between these two factors, F(6, 312) = .975, p = .44, η2 = .01. Holm-corrected
post-hoc tests were computed to describe the main effect of Exercise Intensity. Averaged over the
levels of Recovery Period, memory performance for Control was not different than Moderate,
Mdiff = -.034, p = .17, but Control was lower than Vigorous, Mdiff = -.091, p < .001, and Moderate
was also lower than Vigorous, Mdiff = -.058, p = .03. These results, which demonstrate that
memory retention was greatest after Vigorous exercise, are shown in Figure 3.
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Figure 2. Memory accuracy (proportion, 95% CI) across condition and time. Control was
statistically significantly different (p=.03) than Moderate and Vigorous at the 24-hr delay.
Table 3. Memory results (proportions (SE)) across conditions.
Condition

20-min

24-hr delay

delay

Proportion
retention

Control (20 min) and then 1-min additional rest

.547 (.03)

.370 (.03)

.660 (.04)

Control (20 min) and then 5-min additional rest

.522 (.03)

.363 (.03)

.654 (.04)

Control (20 min) and then 10-min additional rest

.491 (.03)

.346 (.03)

.656 (.04)

Control (20 min) and then 15-min additional rest

.541 (.03)

.344 (.03)

.602 (.03)

Moderate-intensity (20-min) and then 1-min rest

.549 (.03)

.399 (.03)

.671 (.03)

Moderate-intensity (20-min) and then 5-min rest

.574 (.03)

.417 (.03)

.670 (.03)

Moderate-intensity (20-min) and then 10-min rest

.549 (.03)

.389 (.03)

.691 (.04)

Moderate-intensity (20-min) and then 15-min rest

.531 (.03)

.400 (.03)

.714 (.04)

Vigorous-intensity (20-min) and then 1-min rest

.565 (.03)

.462 (.03)

.808 (.03)

Vigorous-intensity (20-min) and then 5-min rest

.572 (.03)

.402 (.03)

.697 (.04)

Vigorous-intensity (20-min) and then 10-min rest

.543 (.03)

.425 (.03)

.737 (.03)

Vigorous-intensity (20-min) and then 15-min rest

.544 (.03)

.406 (.03)

.710 (.04)

20-minute delay represents the proportion (out of 15 words) of words recalled 20-min after
encoding. 24-hr delay represents the proportion (out of 15 words) of words recalled 24-hrs after
encoding. Proportion retention was calculated as (24-hr recall / 20-min delay recall). Averaged
across the levels of recovery period, at the 24-hr delay, memory performance for Vigorous was
statistically significantly greater than that of Control and Moderate.
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Figure 3. Memory retention scores (y-axis) across exercise intensity (averaged across
post-exercise recovery periods). Memory retention calculated as (24-hr recall / 20-min delay
recall). Error bars represent 95% CI. Memory retention for Vigorous was statistically
significantly higher than Moderate and Control.
Interaction between Exercise Intensity, Post-Exercise Recovery, and Endurance. With
memory retention as the outcome, a 3 (Exercise Intensity: Control, Moderate, Vigorous) × 4
(Post-Exercise Recovery: 1-min Post, 5-min Post, 10-min Post, 15-min Post) × Endurance
(continuous variable) rmANOVA yielded a main effect for Endurance, F(1, 51) = 6.388, p =
.015, η2 = .024, and a three-way interaction, F(6, 306) = 2.211, p = .04, η2 = .017.
Regarding the main effect for Endurance, the Pearson correlation between Endurance
(continuously expressed) and memory retention (averaged across the 12 conditions) was, r = .32,
p = .01 (see Figure 4). To probe the three-way interaction between Exercise Intensity,
Post-Exercise Recovery Period and Endurance, the Endurance variable was dichotomized using
the median-split. Using this binary Endurance variable, Figure 5 further illustrates the main
effect for Endurance, with the above-median (≥ 728 seconds) Endurance group having greater
memory retention when compared to the below-median (< 728 seconds) Endurance group, Mdiff =
.084, p = .03. To illustrate the three-way interaction between Exercise Intensity, Post-Exercise
Recovery, and Endurance, see Figure 6. Participants with above-median endurance, compared to
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below-median endurance, had greater memory retention after vigorous exercise that followed a
15-minute recovery period, p = .01, and 10-minute recovery period, p = .05, but not after a
5-minute recovery period, p = .12, or 1-minute recovery period, p = .58. These findings suggest
that higher endurance capacity may allow for beneficial effects of acute vigorous-intensity
exercise after a sufficient recovery period (at least 5-minutes) has occurred.
This three-way interaction occurred between Exercise Intensity, Post-Exercise Recovery,
and Endurance on memory retention. This three-way interaction, however, was not present when
considering the 20-min delayed recall as the outcome, F(6, 312) = .694, p = .66, η2 = .002, or the
24-hr delayed recall as the outcome, F(5.343, 277.824) = .788, p = .57, η2 = .003.

Figure 4. Association between endurance (seconds; x-axis) and memory retention (y-axis) scores
(r = .32, p = .01). Endurance performance results are the duration that participants lasted on the
maximal treadmill test. Memory retention is the average memory retention scores across the 12
conditions. Shaded area around the fitted line represents the 95% CI. The shaded graphs
represent the distribution of the two variables.
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Figure 5. Memory retention scores among those below and above the median level of endurance
performance; below-median was defined as those who lasted <728 seconds on the maximal
treadmill visit, whereas above-median was defined as those lasting >728 seconds on the maximal
treadmill visit. Error bars represent 95% CI. Memory retention for above-median endurance was
statistically significantly higher (p=.03) than for below-median endurance.
Recovery Period: 1-min
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Recovery Period: 5-min

Recovery Period: 10-min

Recovery Period: 15-min
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Figure 6. Memory retention (proportion of memories retained) for Exercise Intensity and
Endurance, separated by Post-Exercise Recovery. Error bars represent 95% CI. Participants with
above-median endurance, compared to below-median endurance, had greater memory retention
after vigorous exercise that followed a 15-minute recovery period, p = .01, and 10-minute
recovery period, p = .05, but not after a 5-minute recovery period, p = .12, or 1-minute recovery
period, p = .58.
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Chapter Five: Discussion
The present experiment was conducted to evaluate if there is an intensity-specific
relationship between exercise and memory and if this relationship is dependent on the
post-exercise recovery period. Additionally, we evaluated if cardiorespiratory fitness/endurance
capacity interacts with the exercise intensity and post-exercise recovery period. Primarily, it was
hypothesized that long-term memory will benefit the most from vigorous-intensity acute
exercise, occurring across all post-exercise recovery periods, and that moderate-intensity acute
exercise will improve memory when coupled with shorter post-exercise recovery periods.
Additionally, we hypothesized that the lesser fit individuals will benefit by having a longer
post-exercise recovery period, especially after vigorous-intensity exercise. Our findings are in
partial support of our hypotheses. We showed that vigorous-intensity was optimal in enhancing
memory following acute exercise. We also demonstrated that individuals with a higher fitness
level had better memory, particularly if the vigorous-intensity acute exercise was followed by at
least a 10-minute recovery period before the start of encoding the words.
Exercise Intensity and Memory
Regarding the interaction between exercise intensity and memory function, the present
experiment demonstrated that vigorous-intensity exercise showed a significant improvement
compared to the other intensities (i.e., moderate, control). More specifically, our results
demonstrated that memory performance declined at a more rapid rate during the Control
condition when compared to the exercise conditions. The results of this experiment align with a
recent review showing that moderate-intensity acute exercise may benefit cognitions involving
higher-order processes (e.g., inhibition), whereas vigorous-intensity acute exercise may be
optimal for episodic memory performance (Loprinzi, 2018). When exercising at any intensity,
molecular responses that aid in memory function are increased. Some of these responses include
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increased blood flow, neurotransmitter release, and increased neural/receptor activity (El-Sayes
et al., 2019). When engaging in higher-intensity exercise, however, these responses may be
accentuated, and thus, increase the likelihood of observing improvements in memory.
Aerobic Endurance and Memory
In our experiment, we observed an association between aerobic endurance and memory
performance, which aligns with findings of other research that are indicative of the association of
lower fitness levels and decreased memory (Rigdon & Loprinzi, 2019; Pontifex et al., 2014,
2019). The present study found a correlation between higher levels of aerobic fitness and greater
memory retention. This positive association between aerobic endurance and higher memory
performance is thought to occur through various speculated neurobiological mechanisms. Studies
have found that there is a neural network that underlies the association between aerobic fitness
levels and the cognitive changes from acute physical activity (Pontifex et al., 2014, 2019; Voss et
al., 2020). Research has found that with adequate aerobic exercise training, and ultimately
presumed higher levels of fitness, the functional connectivity of numerous neural connections in
the default network (including the hippocampal-cortical and right fronto-parietal connections)
increase. In relation, brain-derived neurotrophic factor (BDNF) across the hippocampal region is
shown to increase at a stronger rate when subjects are aerobically trained, which ultimately leads
to an increase in hippocampal functional connectivity (Moore, D., et al., 2022; Voss et al., 2020).
For example, studies that involved acute exercise and memory performance showed that an
increase in serum BDNF and higher cardiorespiratory fitness levels were associated with higher
memory performance (Voss et al., 2020). The association between cardiorespiratory fitness and
memory are presumably directly derived from the effect of exercise on these neural networks. In
regards to memory, aerobic fitness plays an imperative role on the hippocampus: fitness is shown
to relate to hippocampal volume, which in turn causes increases in the proliferation of
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hippocampal cells and survival, growth factors, and gliogenesis (Pontifex et al., 2014). Overall,
increased neural connections in the brain may provide evidence to support a positive correlation
between increased cardiovascular endurance and increased memory retention.
Exercise Intensity, Post-Exercise Recovery, and Aerobic Endurance
Individuals with higher aerobic endurance showed greater memory retention after a
20-minute bout of vigorous intensity exercise followed by longer (10-15 minute) recovery
periods, but not after shorter (< 10 minutes) recovery periods, when compared to individuals
with lower aerobic endurance. Among other mechanistic human studies, it has been found that
certain neurotransmitter levels, induced by 20 minutes of vigorous-intensity exercise,
increase/reach their peak levels at different time periods post-exercise. For example, glutamate, a
centrally-assessed neurotransmitter, reaches its peak levels around 15-20 post vigorous-intensity
exercise (Maddock, Casazza, Fernandez, &amp; Maddock, 2016). Alongside this, crucial
cognitive resources increase with glutamate at varying time periods: BDNF and IGF-1 increase
immediately post-exercise, epinephrine and norepinephrine increase immediately and then
5-minutes post exercise, dopamine increases 5 and again 15-minutes post exercise, and lactate
increases 5, 10, and 15-minutes post exercise (Skirver et al., 2014). These neurotransmitters have
been shown to influence procedural memory at their peak levels.
Individuals at a higher cardiorespiratory fitness have the physiological ability to recover
faster post-vigorous exercise, and in turn, they may have an enhanced sensitization to the effects
of these neurotransmitters as compared to individuals that are less fit (Stanley et al., 2013). In
regard to this postulate, research shows that dopamine yields an inverted-U relationship when
tracked at varying levels of low, middle, and high dosages; both low and high levels of exposure
report the least enhancing effects on memory encoding (Chowdhury et. al, 2012). This implies
that there may be optimal levels of neurotransmitter presence that would enhance episodic
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memory. Of the neurotransmitters mentioned previously, many are released when the body is in a
state of stress, whether it be physical or mental. The individual's ability to recover from this
imposed stress (as in the vigorous-intensity exercise that we imposed in the current study) could
drastically affect the levels of the stress- induced neurotransmitters. As observed in Smith et al.
(2019), when the body is kept in a level of stress it gradually releases hormones produced by this
response. Presumably, if an individual is of enhanced cardiorespiratory fitness, the post-exercise
recovery time may be more efficient, thus reducing the potentially detrimental effects of high
neurotransmitter levels on episodic memory. Individuals with lower fitness presumably would
take longer to recover, thus leaving their bodies in an extended state of stress with higher levels
of stress-induced hormones, inhibiting memory retention.
Strengths and Limitations
Notable strengths of our study include a relatively large sample of 54 participants, the use
of a maximal exercise to calculate the heart rate thresholds used for the submaximal exercise
intensities, multiple exercise intensities, and including long-term memory assessments out to
24-hours. A notable limitation is the lack of a direct measurement of cardiorespiratory fitness via
indirect calorimetry. Additionally, our findings may only generalize to young adults, and thus,
future research may wish to evaluate these parameters in other populations.
Conclusion
In conclusion, the findings of this study show evidence of a three-way interaction
between Exercise Intensity, Post-Exercise Recovery, and Endurance. Individuals with greater
aerobic endurance had better memory performance than their less fit counterparts. Further,
individuals with above average endurance showed greater memory retention following vigorous
intensity exercise with longer recovery periods.
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